Abstract: Most pericentromeric regions of eukaryotic chromosomes are heterochromatic and are the most rapidly evolving regions of complex genomes. The closely related genomes within hexaploid wheat (Triticum aestivum L., 2n = 6x = 42, AABBDD), as well as in the related Triticeae taxa, share large conserved chromosome segments and provide a good model for the study of the evolution of pericentromeric regions. Here we report on the comparative analysis of pericentric inversions in the Triticeae, including Triticum aestivum, Aegilops speltoides, Ae. longissima, Ae. searsii, Hordeum vulgare, Secale cereale, and Agropyron elongatum. Previously, 4 pericentric inversions were identified in the hexaploid wheat cultivar 'Chinese Spring' ('CS') involving chromosomes 2B, 4A, 4B, and 5A. In the present study, 2 additional pericentric inversions were detected in chromosomes 3B and 6B of 'CS' wheat. Only the 3B inversion pre-existed in chromosome 3S, 3S l , and 3S s of Aegilops species of the Sitopsis section, the remaining inversions occurring after wheat polyploidization. The translocation T2BS/6BS previously reported in 'CS' was detected in the hexaploid variety 'Wichita' but not in other species of the Triticeae. It appears that the B genome is more prone to genome rearrangements than are the A and D genomes. Five different pericentric inversions were detected in rye chromosomes 3R and 4R, 4S l of Ae. longissima, 4H of barley, and 6E of Ag. elongatum. This indicates that pericentric regions in the Triticeae, especially those of group 4 chromosomes, are undergoing rapid and recurrent rearrangements.
Introduction
In animals and plants, the pericentromeric regions have long been recognized as highly dynamic regions of chromosomes subjected to an unprecedented level of rearrangements, including duplications, inversions, and deletions (Eichler and Sankoff 2003) . Comparison of the karyotypes of human and chimpanzee has revealed 9 pericentric inversions in chimpanzee chromosomes (Yunis and Prakash 1982) , although human and chimpanzee show overall identity of 98.8% at the DNA-sequence level (Chen and Li 2001) . Refinements of the pericentric inversion breakpoints at the molecular level carried out using bacterial artificial and P1-derived artificial chromosome clones derived from both human and chimpanzee are consistent with the previously characterized cytogenetic locations of the pericentric inversion breakpoints (Nickerson and Nelson 1998; Goidts et al. 2005; Kehrer-Sawatzki et al. 2005) . The human pericentromeric regions are also hot spots for recent duplication events. Almost half of human chromosomes, including the Y chromosome, show duplicated DNA in the pericentromeric regions (Eichler 1998; Jackson 2003; Kirsch et al. 2005) , and it has been suggested that pericentric inversions were important for the establishment of reproductive isolation and speciation of hominoids.
In grasses, the major cereal crops rice, maize, and wheat show conserved synteny except in the centromeric regions (Moore et al. 1997; Sorrells et al. 2003) . In the Triticeae tribe, which includes hexaploid wheat (Triticum aestivum L., 2n = 6x = 42, AABBDD), cytogenetic stocks and comparative mapping have been used to document chromosome rearrangements in the A, B, and D genomes of wheat and the related Triticeae genomes that encompass 12 million years of evolutionary history (Huang et al. 2002) . Previous studies revealed a cyclic translocation involving chromosomes 4A, 5A, and 7B that is fixed in polyploid wheat (Naranjo et al. 1987; Anderson et al. 1992; Liu et al. 1992; Devos et al. 1995; Mickelson-Young et al. 1995; Nelson et al. 1995) . In addition, a pericentric inversion in chromosome 4A resulted in arm homoeologies of 4AS = 4BL = 4DL, and 4AL = 4BS = 4DS. Another pericentric inversion has been documented in 4B (Dvorak et al. 1984; Endo and Gill 1984; Gill et al. 1991; Friebe and Gill 1994; Mickelson-Young et al. 1995) . The wheat expressed sequence tag (EST) mapping project established further structural changes in 4A and confirmed the inversion in 4B, and additional pericentric inversions were reported for chromosomes 2B and 5A (Miftahudin et al. 2004; Conley et al.. 2004; Linkiewicz et al. 2004) . In the present study, we report on a comparative analysis of pericentromeric regions of homoeologous group 2, 3, 4, 5, and 6 chromosomes. This was performed by centromere mapping of critical markers using a collection of telocentric chromosomes from diverse Triticeae species added to wheat as ditelosomic addition lines.
Materials and methods

Genetic stocks
Abbreviations used for wheat genetic stocks follow the nomenclature proposed by Raupp et al. (1995) . The genetic stocks used in this study included 15 nullisomic-tetrasomic (NT) lines (1 chromosome pair is missing, and this loss is compensated by 4 copies of a homoeologous chromosome) and 26 ditelosomic (Dt) lines (1 chromosome pair is represented by 2 telosomes for either the short or long arm) developed in Triticum aestivum 'Chinese Spring' ('CS') involving homoeologous group 2, 3, 4, 5, and 6 chromosomes (Table 1; Sears 1954 Sears , 1966 Sears and Steinitz-Sears 1978) . The N2AT2B and N4BT4D lines were selected from monosomic-2A -tetrasomic-2B and monosomic-4B -tetrasomic-4D stocks. The monotelosomic 5AS plants were obtained from the F 1 of the cross between ditelosomic 5AS-monotelosomic 5AL and N5AT5D plants. These genetic stocks were used to assign molecular markers to specific chromosomes and chromosome arms.
Wheat-alien ditelosomic addition lines, in which a pair of alien chromosome arms is added to the wheat complement, were used to assign molecular markers to specific alien chromosome arms. A total of 35 'CS'-alien ditelosomic addition (DtA) lines were used (Table 1) . The first number designates the homoeologous group, followed by the genome symbol; the # sign is used to distinguish between chromosomes belonging to the same homoeologous group but derived from different accessions, and last is the arm location.
In addition, 27 deletion lines (del) homozygous for terminal deletions of various sizes involving homoeologous chromosomes of groups 2 and 6 were used (Table 2) (Endo and Gill 1996) . The fraction length (FL) value of each deletion identifies the position of the breakpoint from the centromere relative to the length of the complete arm. The FL value involving satellite chromosome arms 1BS and 6BS was calculated independently for the region between the centromere and the secondary constriction, and for the satellite (Endo and Gill 1996) . Thus, deletions with a breakpoint within the secondary constrictions have FL values greater than 1 (Table 2, del6BS-2). All genetic stocks are maintained at the Wheat Genetic and Genomic Resources Center (WGGRC) at Kansas State University, Manhattan, Kans.
Restriction fragment length polymorphism (RFLP) analysis
Procedures used for genomic DNA isolation, restriction endonuclease digestion, gel electrophoresis, and DNA gel blot hybridization were as described in Qi et al. (2003) . The genomic DNAs were digested with EcoRI, HindIII, DraI, and BamHI. 
Results
Characterization of pericentric inversions in the Triticeae
In hexaploid wheat, chromosome and arm homoeologies within sets of triplicated chromosomes are highly conserved, i.e., long arms are homoeologous to long arms, and short arms are homoeologous to short arms. However, a few exceptional cases of chromosomal rearrangements violating homoeology have been reported previously (Dvorak et al. 1984; Endo and Gill 1984; Naranjo et al. 1987; Gill et al. 1991; Anderson et al. 1992; Liu et al. 1992; Friebe and Gill 1994; Devos et al. 1995; Mickelson-Young et al. 1995; Nelson et al. 1995) . The genomes of wheat and the related Triticeae also share large conserved chromosome segments and provide a good model for the study of the evolution of pericentromeric regions. Using wheat aneuploids and wheatalien ditelosomic addition lines, EST loci can be assigned to individual chromosome arms in wheat and the Triticeae. Figure 1 gives an example of locating an EST to chromosome arms of wheat, Ae. speltoides, rye, and barley using the wheat and the wheat-alien aneuploid lines. Any change in arm location and marker order compared with ancestral karyotype allows the detection of structural chromosome aberrations, including pericentric inversions. CS-I DtA 4RS CS-Secale cereale 'Imperial' ditelosomic addition 4RS ) TA3568
CS-I DtA 4RL CS-Secale cereale 'Imperial' ditelosomic addition 4RL ) TA3593
CS-HVUL DtA4HS CS-Hordeum vulgare 'Betzes' ditelosomic addition 4HS (Islam et al. 1981; Shepherd 1988, 1992 ) TA3594 CS-HVUL DtA4HL CS-Hordeum vulgare 'Betzes' ditelosomic addition 4HL (Islam et al. 1981; Shepherd 1988, 1992 
Ditelosomic 5AL (Sears and Steinitz-Sears 1978) Homoeologous group 2 The wheat group 2 ESTs BE500625 and BE404630 are diagnostic for detecting the inversion in chromosome 2B of 'CS' as reported by Conley et al (2004) . BE500625 was mapped to short arms and BE404630 to long arms of chromosomes 2A and 2D but were mapped to opposite arms in 2B (Fig. 2) . In 'Wichita', BE500625 was mapped to 2BL arm and BE404630 to 2BS arm, which is consistent with the locations of these ESTs on 'CS' chromosome 2B. BE500625 did not detect any polymorphic fragments on 2S and 2H present in the 'CS' -Ae. speltoides DtA2S#3S and DtA2S#3L or the 'CS'-barley DtA2HS and DtA2HL stocks and, thus, could not be mapped. EST BE404630 detected 1 polymorphic fragment each in the 'CS' -Ae. speltoides DtA2S#3L and 'CS'-barley DtA2HL stocks, indicating that its ancestral location is in the long arm (Fig. 2) .
Homoeologous group 3
Chromosome 3B
ESTs BE637878, BE404508, and BG313557, which were mapped to 3AL and (or) 3DL, were all mapped to 3BS (Fig. 2) . EST BF485348 was mapped to 3AS, 3DS, and 3BL. These results indicate that a pericentric inversion exists in chromosome 3B of 'CS'.
Chromosomes 3S, 3S l , and 3S s
A similar inversion was also observed in the group 3 chromosomes of Ae. speltoides (3S), Ae. longissima (3S l ), and Ae. searsii (3S s ). Three long-arm ESTs were mapped to the short arm of chromosome 3S, and this was consistent with their location in chromosome 3BS (Fig. 2) . All polymorphic fragments of 3S detected by these ESTs were observed in the 'CS' Ae. speltoides Dt3S#3S stock. The shortarm EST BF485348 did not detect any polymorphism in the 'CS' Ae. speltoides Dt3S#3S stock. We were unable to check the presence of this EST in the 'CS' Ae. speltoides Dt3S#3L stock because this stock is not available. Two long-arm ESTs, BE404580 and BG313557, were mapped to the short arm of chromosome 3S l (Fig. 2) . One short-arm EST, BE585348, and 1 long-arm EST, BE404580, were mapped to the opposite arms of chromosome 3S s , respectively (Fig. 2) .
Chromosomes 3R, 3H, and 3E
EST BE404580, mapped to the long arms of 3A and 3D, detected a 3R polymorphic fragment in 'CS' rye DtA3RS, indicating the presence of a putative pericentric inversion in chromosome 3R, but the 'CS' rye DtA3RL line was not available for this study. Two long-arm ESTs, BE404580 and BG313557, were mapped to the long arm of 3H, and BG313557 was mapped to the long arm of 3E. The shortarm EST BF485348 detected a 3H polymorphic fragment only in the 'CS' barley DtA3HS stock and, therefore, was mapped to the short arm of 3H. The EST locations in barley are consistent with 3A and 3D and represent the ancestral linear order (Fig. 2) .
Homoeologous group 4
Both chromosomes 4A and 4B have undergone pericentric CS-HVUL DtA6HS CS-Hordeum vulgare 'Betzes' ditelosomic addition 6HS (Islam et al. 1981; Shepherd 1988, 1992 ) TA3596 CS-HVUL DtA6HL CS-Hordeum vulgare 'Betzes' ditelosomic addition 6HL (Islam et al. 1981; Shepherd 1988, 1992) Note: CS; T. aestivum 'Chinese Spring'; WI; T. aestivum 'Wichita'. All lines are in the 'Chinese Spring' background unless otherwise indicated. *WGGRC collection accession number. { N2AT2B and N4BT4D plants were selected from progenies of M2AT2B and M4BT4D; Mt5AS was selected from a cross between ditelosomic 5AS monotelosomic 5AL and N5AT5D. structural rearrangements, and the EST order in chromosome 4D serves as a standard for comparison.
Chromosome 4A
Chromosome 4A has a complex evolutionary history (Naranjo et al. 1987; Anderson et al. 1992; Liu et al. 1992; Devos et al. 1995; Mickelson-Young et al. 1995; Nelson et al. 1995) . Two reciprocal translocations involving chromosome arms 4AL, 5AL, and 7BS and 2 inversions (1 pericentric and 1 paracentric) in chromosome 4A were previously identified. The EST mapping data revealed that an additional pericentric inversion occurred in the centromeric region of 4A marked by 4 ESTs: BF202969, BF202706, BE494281, and BE637507 (Miftahudin et al.. 2004 , Fig. 2) . The inversion moved a 4AL-native segment back to the 4AL arm, homoeologous to 4DL. We allocated an additional RFLP marker, BCD1262, to the inverted segment (Fig. 2) . The pericentric inversion may also have relocated a 4AS-native segment back to the 4AS arm, homoeologous to 4DS. However, no markers were identified for this segment.
Chromosome 4B
Three ESTs, BF202969, BF202706, and BE497309, are diagnostic for detecting a pericentric inversion in 4B as reported previously (Miftahudin et al.) . In the present study, 3 additional ESTs, BE494281, BE406512, and BE497635, were allocated to the inverted segment (Fig. 2) .
Chromosomes 4S, 4S l , and 4S s
Five ESTs, mapped to the long arm of chromosome 4D, were all assigned to the long arm of chromosome 4S (Fig. 2) . Two short-arm ESTs could not be mapped on chromosome 4S because the 'CS' Ae. speltoides DtA4S#3S stock is not available. Only 2 of the 8 ESTs tested, 1 shortarm and 1 long-arm EST, detected the 4S s polymorphic fragments in 'CS' Ae. searsii DtA4S s #1S and 'CS' Ae. searsii DtA4S s #1L stocks, respectively, and were mapped to chromosome 4S s . The gene order in chromosomes 4S and 4S s was consistent with that of chromosome 4D and represents the ancestral linear order (Fig. 2) . However, mapping of 6 ESTs to chromosome 4S l indicated that this chromosome carries a putative pericentric inversion (Fig. 2) . EST BF202706, a long-arm probe, detected the 4S l polymorphic fragment in the 'CS' Ae. longissima DtA4S l #2S and was mapped to the short arm of chromosome 4S l .
Chromosome 4R
Four of 6 ESTs mapped to 4DL detected the 4R polymorphic fragments on 'CS' rye DtA4RL and were assigned to 4RL (Fig. 2) . One of the 2 short-arm ESTs was mapped to 4RS and 1 to 4RL, indicating a putative pericentric inversion in 4R.
Chromosome 4H
Five out of the 6 long-arm ESTs detected polymorphic fragments: 3 were mapped to 4HL and 2 to 4HS, suggesting the presence of a pericentric inversion in 4H (Fig. 2) . This was also revealed by mapping of 2 short-arm ESTs to the long arm of chromosome 4H. ESTs BE497635 and BE497309 detected the 4H polymorphic fragments in both 'CS' barley DtA4HS and DtA4HL (Fig. 3) . These data suggested that the 2 ESTs might map in the centromere of chromosome 4H, because 2 opposite telosomes of chromosome 4H share only a common centromere. After rechecking the DtA4HS and DtA4HL stocks we found that the telosome in DtA4HL appears to be a true telocentric, whereas the telosome in DtA4HS is actually an acrocentric chromosome with a very small 4HL segment present in the 4HS telosome. This explains why the polymorphic fragments of 2 ESTs were present in both stocks.
Homoeologous group 5
The presence of a pericentric inversion in chromosome 5A was described previously (Linkiewicz et al. 2004 ; also see Fig. 2 ). Five ESTs were mapped to 5AS, 5BL, and 5DL. The EST BE403618 was previously mapped to 5AL, 5BS, and 5DS (http://wheat.pw.usda.gov/NSF/project/ mapping_data.html), further suggesting the presence of a pericentric inversion in chromosome 5A. In the present study, this EST detected a 5S l polymorphic fragment on 'CS' Ae. longissima DtA5S l #2S, indicating that the ancestral location of this EST is in the short arm of homoeologous group 5. No 5R or 5H polymorphic fragments were found on 'CS' rye DtA5RS, or 'CS' barley DtA5HS or DtA5HL.
Homoeologous group 6
Different pericentric inversions were detected in 6B of wheat and 6E of Ag. elongatum. The ancestral linear order 1. An example of anomalous arm location revealed from mapping of a molecular marker to specific chromosome arms using wheat aneuploids. The genomic DNAs of NT, Dt, and DtA lines in homoeologous group 6 were digested with DraI and hybridized with BE406602. The first fragment from the top was missing in N6AT6B and Dt6AL, and the third fragment was missing in N6DT6B and Dt6DL; thus, they were mapped to the short arms of 6A and 6D, respectively. The second fragment was absent in N6BT6A and Dt6BS and mapped to the long arm of 6B. Three additional fragments were observed in DtA6S#2S, DtA6RS, and DtA6HS and were mapped to the short arms of 6S, 6R, and 6H, respectively. Arrows point to the polymorphic fragments. The data revealed the ancestral location of BE406602 in group 6 short arms and anomalous location in the 6B long arm due to a pericentric inversion.
Fig. 2.
Pericentric inversions in chromosomes of homoeologous groups 2, 3, 4, 5, and 6 of the Triticeae and a translocation involving 2BS and 6BS arms in 'CS' and 'Wichita' wheats. ESTs with blue color represent ancestral locations for the short arms and those with red color for the long arms.
was maintained in chromosomes 6A, 6D, 6S l , and 6H (Fig. 2) .
Translocation T2BS/6BS
A translocation involving the short arms of chromosomes 2B and 6B in hexaploid wheat has been proposed on the basis of genetic mapping data (Devos et al. 1993 ). The RFLP clone PSR899 has orthologous loci on 6AS, 6DS, and 2BS. This rearrangement of 2BS/6BS was also observed in tetraploid wheat by mapping the clones PSR899 on 6AS and 2BS (Blanco et al. 1998 ). However, the physical mapping data showed that PSR899 mapped to the chromosome bin 0.65-0.67 and not to a distal region in 6AS and 6DS (Weng and Lazar 2002) . Recently, Conley et al. (2004) provided direct evidence for a 2B/6B translocation by mapping EST BE604879 to the distal bins of 2BS3-0.84-100, 6AS5-0.65-100, and 6DS6-0.99-100. In the present study, the same EST was used to test the locations on 2B of 'Wichita', 6S l of Ae. longissima, 6E of Ag. elongatum, and 6H of barley. A restriction fragment that was missing in 'CS' N2BT2D and Dt2BL was also missing in 'Wichita' Dt2BL as compared with euploid 'Wichita', indicating that chromosome 2B in 'Wichita' also has a segment translocated from 6BS (Figs. 2 and 4) . Polymorphic fragments were also detected by BE604879 in 'CS' Ae. longissima DtA6S#2S, 'CS' Ag. elongatum DtA6ES, and the 'CS' barley DtA6HS stock, but no polymorphic fragment was detected in alien ditelosomic addition lines involving homoeologous group 2. These data suggest that EST BE604879 was originally located on the short arms of homoeologous group 6 chromosomes. The 2BS-specific EST BE604879 fragments were missing in the genetic stocks of Dt6AL, Dt6BS, Dt6EL, del6BL-5, and del6DL-12, indicating that chromosome 2B in these stocks had undergone a deletion of the distal end harboring this marker (Fig. 4) .
Discussion
Species-specific rearrangements vs. intraspecific chromosomal polymorphisms
Are the observed pericentromeric and other chromosomal rearrangements species specific or do they represent intraspecific polymorphisms? This distinction must be made to evaluate the relative role of a chromosomal polymorphism in the evolutionary history of a species. It is known that species belonging to the Triticum-Aegilops complex harbor extensive chromosomal polymorphisms in natural populations Badaeva et al. 1994 Badaeva et al. , 2002 Badaeva et al. , 2004 Kawahara 1988; Kawahara and Taketa 2000) , and the polymorphisms probably play critical roles in adaptation of certain populations of a species to specific environmental conditions. As well, there are species-specific chromosomal rearrangements that are fixed in a species. The cyclic 4A, 5A, and 7B translocation has been observed in tetraploid wheat (Triticum turgidum L.) and hexaploid wheat, as well as in natural tetraploid wheat populations from diverse geographical areas (Gill and Chen 1987; Naranjo et al. 1987; Naranjo 1990) . Similarly, the 6At-1G-4G translocation is fixed in Triticum timopheevii Zhuk., a sibling species of T. turgidum (Jiang and Gill 1994; Rodriguez et al. 2000) . These translocations must have played an important role in the evolution of these polyploid wheat species (Gill 1991) . It is also not unreasonable to suggest that species-specific translocations once represented local chromosomal polymorphisms and became fixed as the species went through an evolutionary bottleneck.
To distinguish between species-specific rearrangements and intraspecific chromosomal polymorphisms, we used 2 wheat cultivars with distinct evolutionary histories. The 'CS' genotype is an old landrace from Asia and represents a primitive chromosome arrangement. 'Wichita' wheat, for which certain cytogenetic stocks are also available, traces back to 'Turkey' wheat, which is an old landrace from Transcaucasia with winter-type plant habit. It was previously documented that 'Wichita' has the wild-type 4B chromosome, whereas 4B of 'Chinese Spring' had undergone a pericentric inversion (Endo and Gill 1984) . Later analysis revealed additional 4B polymorphisms indicating recurrent origin of this inversion (Friebe and Gill 1994) . The results of the present research together with those reported by Miftahudin et al. (2004) have led to the identification of several markers that further define the 4B inversion and may be useful in analyzing the hypothesis of recurrent origin of this inversion in different wheat cultivars.
The pericentric inversion of chromosome 2B in 'CS' was also observed in 'Wichita', indicating that this inversion is species specific. We also detected a 2B/6B translocation in 'Wichita' together with its occurrence in tetraploid wheat. The accumulating data indicate that this is also a speciesspecific chromosomal translocation. However, the 2B/6B translocation was polymorphic (present/absent) in various aneuploids in 'CS', indicating that the translocated segment is prone to breakage (Fig. 4) . Fig. 4 . An autoradiograph of a Southern hybridization of genomic DNAs from NT, Dt, DtA, and deletion stocks of group 2 and 6 chromosomes of wheat. DNAs were digested with DraI and hybridized with BE604879. The first and fourth fragments from the top are missing in N6AT6B, Dt6AL, del6AS-5, and del6AS-1 and were mapped to chromosome bin 6AS5-0.65-1.00. The second and third fragments are missing in N6DT6B, Dt 6DL, del6DS-2, del6DS-4, and del6DS-6 and were mapped to bin 6DS6-0.99-1.00. The fifth fragment is absent in N2BT2D and Dt2BL both in 'CS' and 'Wichita', in del2BS-4, del2BS-3, and del2BS-1 and was mapped to bin 2BS3-0.84-1.00. The 2BS fragment was also missing in Dt6AL, Dt6BS, DtA6EL, del6BL5, and del6DL12, indicating that 2B in these lines has a terminal deletion. Additional polymorphic fragments were observed in DtA6S#2S, DtA6ES, and DtA6HS, indicating an ancestral location of this EST in group 6. Arrows point to polymorphic fragments.
Additional pericentromeric inversions were observed in 'CS' for chromosomes 3B, 5A, and 6B. We could not confirm their occurrence in 'Wichita' as suitable telosomic stocks were not available. However, we have available telosomic addition lines of Ae. speltoides in 'CS' and could test whether the observed rearrangements were present in the diploid donor species or arose following polyploidy.
Polyploidy and the origin of chromosomal rearrangements
There is accumulating evidence in the literature that the process of polyploidization is a trigger that induces chromosomal changes in the ancestral genomes that now share a nucleus. Of the 5 rearrangements observed in the B genome chromosomes of polyploid wheat, only the pericentric inversion in 3B pre-existed in Ae. speltoides, Ae. longissima, and Ae. searsii. The 2B/6B translocation present in polyploid wheat was not observed in Ae. longissima or in Ae. speltoides (Zhang et al. 2001; Luo et al. 2005) . These data would seem to indicate that either these rearrangements arose after polyploidization, or Ae. speltoides is polymorphic for these rearrangements. It is also possible that Ae. speltoides is not the B genome donor of wheat (Huang et al. 2002) .
Rapid and recurrent origin of pericentric inversions
The A, B, and D genomes diverged from a common ancestor about 3 million years ago (MYA), rye diverged from wheat about 6 MYA, and wheat and barley diverged from a common ancestor about 12 MYA (Huang et al. 2002) . Except for the wheat chromosome 3B pericentric inversion that pre-existed in Ae. speltoides, Ae. longissima, and Ae. searsii, none of the wheat-specific inversions were detected in a collection of 14 informative chromosomes belonging to S, R, E, and H genomes of the Triticeae (Fig. 2) . However, 5 independent pericentric inversions were detected in this small sample of 14 chromosomes, indicating a rapid, recurrent, and independent origin of pericentric inversions similar to those observed in hominids (Yunis and Prakash 1982) . For group 2 and 5 chromosomes, only a small sample of chromosomes was available, and pericentric inversions were detected only in chromosome 2B for group 2 and 5A for group 5. Group 4 chromosomes had the highest rate of pericentric inversions, and 5 independent pericentric inversions (4A, 4B, 4S l , 4R, 4H) with different breakpoints were observed in a sample of 8 chromosomes. Why certain chromosomes are more prone to pericentric inversions is not clear. Group 4 chromosomes have the largest amount of pericentric heterochromtin known to be composed of tandem repeats, which may be more prone to chromosome rearrangements. Perhaps these regions also harbor large blocks of segmental duplications in the pericentromeres that are more prone to ectopic recombination inversion events, as has also been observed in hominids (Eichler 1998; Jackson 2003; Kirsch et al. 2005) .
Uneven rates of evolution of subgenomes in a polyploid nucleus
Seven pairs of chromosomes each from A, B, and D genomes constitute the hexaploid wheat nucleus. The A and B diploid species hybridized to form tetraploid (AABB) wheat less than 500 000 years ago (Huang et al. 2002) . The AABB tetraploid wheat hybridized with a D genome diploid to form hexaploid wheat about 8000 years ago (Nesbitt and Samuel 1996; Dvorak and Akhunov 2005) . Of the A, B, and D genome chromosomes, 2 from the A genome and 4 from the B genome were involved in pericentric inversions; only the 3B inversion pre-existed in the diploid donor. Clearly, the B genome is evolving at a faster rate than the A genome, as also indicated by RFLP polymorphism studies ). The B genome also harbored more genes unique to wheat and not found in rice (See et al. 2006) . Half of the genome-or chromosome-specific ESTs involved the B genome . The reasons why the B genome has evolved at a faster rate have been discussed previously (Akhunov et al. 2003; Qi et al. 2004 ) and may be related to its evolutionary history and the higher heterochromatic content of its chromosomes . The accumulating data support the notion that subgenomes in a polyploid nucleus evolve at different rates. The molecular mechanisms of differential evolution remain to be elucidated.
